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Galaxy clusters are the largest gravitationally bound objects in the Universe. Studying
them can teach us about how they merge and grow, which in turn provides unparalleled in-
formation about the history of the evolution of the Universe. X-ray observations of galaxy
clusters have uncovered substructure in the hot, X-ray emitting gas known as the intraclus-
ter mediums (ICM). Substructure indicates that the ICM has been churned up, possibly by a
significant off-axis merger event. This substructure includes cold fronts, sloshing spirals, and
shocks. We present deep Chandra observations of the merging cluster Abell 2163. We inves-
tigate the global spectrum and find that a single temperature plasma model with temperature
kT = 21.93+0.97−1.03 keV is the best fit for this cluster. These observations reveal a surface bright-
ness discontinuity. A surface brightness profile and temperature profile show that this surface





A galaxy cluster is a collection of galaxies, gas, and dark matter. Galaxies make up only
∼3% of the mass of a galaxy cluster. The majority of the mass comes from the∼83% dark mat-
ter, and the remaining ∼14% of the mass is intracluster gas, known as the intracluster medium
(ICM) (Sarazin 2008). The majority of galaxies are found in groups or clusters, including the
Milky Way. The Milky Way is in what we call the Local Group of galaxies. The Local Group
is composed of more than 30 galaxies, of varying sizes (van den Bergh 2000). Galaxy clusters
can contain as few as 50 galaxies and as many as thousands. There is not a hard dividing line
between what we would consider a group of galaxies versus a cluster of galaxies, but a good
rule of thumb tells us that more than 50 galaxies makes it a cluster. To be considered a cluster,
all of these galaxies need to be gravitationally bound, and therefore moving around the same
speed as one another.
Since most galaxies in the universe are either in a group or cluster, by studying them collec-
tively we can learn about how galaxies form and evolve. Galaxy clusters are self-similar. That
means that we can consider large clusters as scaled up versions of small clusters. This makes
them great candidates for studying the inner workings of the Universe on a small scale. We
consider galaxy clusters to be closed-box laboratories, meaning that the gas to mass fraction in
a cluster is approximately that of the Universe (Allen et al. 2008).
Galaxy clusters are also interesting because they can act as cosmic telescopes. Albert
Einstein’s general theory of relativity predicted that gravity can affect the path of light. If light
travels in close proximity to a massive body, such as a star, a galaxy, or a cluster of galaxies,
the light will be observed to bend, in a process known as gravitational lensing. As the mass
of the intermediate body increases, so does the degree of deflection. Gravitational lensing was
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confirmed during a solar eclipse in 1919 by Sir Albert Eddington. Eddington’s team measured
the precise locations of stars, both when the sun was in front of them (made notable by the
eclipse) and when it was not. When looking at the data collected during the solar eclipse,
they found that the stars appeared slightly displaced from where they had been without the
sun in front of them. (An illustration of a similar example can be seen in Figure 1.1.) This
led Eddington to conclude that Einstein’s theory was a reality. Clusters of galaxies are prime
candidates for gravitational lensing studies. Similarly to how a regular lens interacts with a
light source, gravitational lensing can increase the magnification and apparent brightness of
objects that are very far away. This means that with the help of gravitational lensing, we are
able to observe objects that are at very high-redshifts, and therefore, very far away (Jones et al.
2015).
Figure 1.1. This diagram illustrates gravitational lensing. If the galaxy cluster is not
in between the observer and the galaxy, then the galaxy will be straight in front of the
observer, as indicated by the bold dashed line connecting the observer and the center
galaxy. If the galaxy cluster is in between, then the light from the galaxy will bend
around the cluster on its way to the observer. That means that when observed, it will
be seen in multiple locations, as indicated by the diagonal dashed lines connecting the
observer and the top and bottom galaxies. When the background galaxy is seen multiple
times in different locations, we consider the image to be multiply lensed. Illustration
Credit: NASA/CXC/M.Weiss
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There are two main types of galaxy clusters (see Figure 1.2): relaxed clusters and merging
clusters. Relaxed clusters have one prominent galaxy in the center with fairly evenly distributed
galaxies surrounding the central galaxy. The ICM shows an X-ray surface brightness peak that
drops off smoothly with radial distance (Forman & Jones 1982). They are usually elliptical. We
call them relaxed, because they are relaxed into their current position and not undergoing any
irregular processes. Merging clusters, as the name suggests, have recently begun the merging
process. As a result, they have very distorted X-ray gas and an irregular distribution of galaxies.
Figure 1.2. The optical and X-ray composite image of the relaxed cluster Abell 2029,
is seen on the left. The optical observation is seen in blue, and the X-ray observation is
seen in red. The optical and X-ray composite image of the merging cluster Abell 520, is
seen on the right. The optical observation is seen in the natural-color, the concentrations
of starlight, hot gas, and dark matter are seen in orange, the X-ray observation is seen
in green, and the locations with the most mass are seen in blue. Image Credit for Abell
2029: NOAO, Kitt Peak, NASA, Chandra X-ray Center, and IoA; Image Credit for
Abell 520: NASA, ESA, CFHT, CXO, M.J. Jee, and A. Mahdavi
2. X-Ray Astronomy
Ground based optical and radio observatories all over the world have contributed copious
amounts of data to the advancement of our understanding of the Universe. Unfortunately,
Earth’s atmosphere is opaque in the other wavelength ranges: microwave, infrared, ultraviolet,
X-ray, and gamma ray. This means that the thickness of Earth’s atmosphere results in exces-
sive absorption and scattering of photons, making it impossible to observe these wavelengths
from the ground (Tucker & Giacconi 1985). To combat this, telescopes observing these wave-
lengths have needed to take to space. In 1970, UHURU (also known as the Small Astronomy
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Satellite-1) performed the first X-ray survey. Less than 30 years later, in 1999, the Chandra
X-ray Observatory was launched (Carroll & Ostlie 2017). Chandra’s unprecedented spatial
resolution led to the discovery of substructure in the ICM.
Galaxy clusters are very hot and are highly luminous in the X-ray regime. As such, early X-
ray surveys (including those described in Cooke et al. 1967; Aschenbach et al. 1981; Reynolds
et al. 1999) scanned the sky in search of extended X-ray emissions from galaxy clusters’ ICM.
One of the most important things that we want to know about a galaxy cluster is its mass.
Mass is not something that we are able to measure directly, so we need to use measurable things
to calculate it. Because clusters are self-similar, there is a theoretical relationship between the
temperature and luminosity of the X-ray gas and the mass of a cluster: hotter and brighter
clusters are more massive. The number of clusters in different mass bins at different redshifts
is very sensitive to cosmological parameters. This relationship does not always match obser-
vations, as it does not take gas physics into account. For example, the relationship does not
account for potential cluster mergers. It is important to study how the galaxy clusters and their
ICMs behave so that we can adjust our relationship between mass and temperature accordingly.
The ICM has temperatures between 107− 108 K (≈ 1− 10 keV) and is made up of fully
ionized hydrogen and helium, and trace amounts of ionized heavier elements. The primary
emission mechanism is thermal bremsstrahlung (or free-free emission, as the radiation is as-
sociated with transitions between unbound states of the electron). The emission per unit fre-





where ne is the number density of electrons, ni is the number density of positively charged ions,
T is the temperature of the gas, and υ is the frequency at which the emission is being observed.
We get an equation for the frequency-integrated flux by integrating Equation 1 over frequency
and assuming that the gas is completely ionized and composed entirely of hydrogen (meaning
that ne = ni = n):
ε
f f
∝ n2T 1/2. (2)
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Equation 2 shows us that the luminosity goes like the density squared.
Here we make use of Chandra, which operates from 0.2-10 keV with wavelengths between
0.1-6.2 nm (Carroll & Ostlie 2017). Chandra is a 1.2 meter telescope that has a collecting
area of approximately 1000 cm2. It is in an extremely elliptical orbit that keeps it outside
of the Van Allen radiation belt most of the time. The Van Allen radiation belt is a region
around Earth that is full of fast moving, high energy, charged particles. Since Chandra stays
out of this belt, data reduction procedures do not need to account for extra noise that would
be introduced by traveling through the belt. Chandra has a strong history of observing galaxy
clusters. Data collected has been used to investigate the evolution of cluster energy and mass
content (Giacconi 2010).
3. Shocks, Cold Fronts, and Sloshing
Besides the galaxies and dark matter, galaxy clusters are also made up of gas. Observations
of the ICM show it can have substructure, as if it has been churned up, even when the surround-
ing galaxies do not show evidence of a recent merger. Often we can attribute this substructure
to a minor or major merger occurring in the cluster’s history. A merger is minor if one of the
merging clusters is much larger than the other(s), and major if the clusters are similar is size.
Regardless of whether the merger is minor or major, when clusters collide with one another the
galaxies do not come into any direct contact with one another but the ICM gets agitated.
ICM substructure features that are distinct in X-ray data include shocks, cold fronts, and
sloshing. Cold fronts and shocks are both identified by their sharply changing brightness across
a boundary. Shocks describe features with only one gas, and are the result of gas moving su-
personically until it piles up. For example, the edges of a supernova shell remnant are shocked
gas. The gas is expelled from the star supersonically and it eventually hits a metaphorical wall.
As it transitions from going supersonically to subsonically it hits a pileup, and that is called a
shock. Shocks are consequences of major mergers. In a shock, the brighter gas is hotter and
more dense. It also has higher pressure.
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Cold fronts are produced when different gas populations with different temperatures col-
lide. On either side of the cold front feature, temperature and density vary drastically, while
pressure does not change. In a cold front, the brighter gas is cooler and more dense. When the
two populations of gas collide, they displace cool, dense gas from the center of the cluster’s
potential well. Cold fronts have been simulated by Ascasibar & Markevitch (2006) and have
been observed in many different clusters. If the mergers occur off-center, then the displaced
gas gains angular momentum and does not return to the center of the cluster solely along the
radial direction. It gets sloshed around, and the cold fronts that form during this sloshing can
create spiral features. It should be mentioned that while cold fronts can be caused by mergers
or sloshing, spirals are unambiguous features of sloshing. Not every cluster has a noticeable
sloshing spiral. This could be a result of any potential mergers occurring a long time ago, or
there not being enough angular momentum when the merger occurred. It does not imply that a
merger never occurred.
The presence of sloshing spirals can help resolve the so-called “cooling flow” problem. In
clusters, as the gas emits light, or radiates, it cools down. As it cools down, the temperature
and pressure decrease. To compensate for this drop in pressure, gas flows towards the center,
causing the density to rise. This causes the cluster to radiate more since L ∝ n2 (as seen in
Equation 2). Thus, the more dense the center of the cluster is the more luminous it is, and
the faster it cools. It is clear that this is a runaway, cyclic process. Because of this, we would
expect to see very cold temperatures at the center of a cluster, and, as a result, large amounts
of molecular gas and star formation. However, this is not observed, and the gas only drops
to ∼ 12 −
1
3 the ambient temperature (Peterson 2003). We conclude that something must be
stopping this from happening. In most cases, when the central active galactic nucleus (AGN)
has an outburst and ejects all of its material, that is the heat source for the surrounding gas.
Following the outburst, the AGN will go quiet for a while, at which point more gas falls towards
the center. This AGN outburst and subsequent cooling feedback loop could be the solution
to the cooling-flow problem (McNamara & Nulsen 2007). Observations show that in some
clusters the AGN is not energetic enough to completely offset all of the cooling. In that case,
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cluster sloshing can act as a heat source, inputting enough energy to keep the cluster from
getting too cool (Paterno-Mahler et al. 2013). In most clusters, the heating from the AGN is
more than enough to offset the cooling (Rafferty et al. 2006).
4. REionization Lensing Cluster Survey
The REionization Lensing Cluster Survey (RELICS; PI: D. Coe) uses galaxy clusters as
gravitational lenses to search for the brightest, high-redshift (z > 6) background galaxies. The
RELICS sample consists of 41 galaxy clusters. Of these 41 clusters, 21 are among the most
massive clusters. The remaining 20 are known lenses. The RELICS clusters were observed
for 188 orbits with the Hubble Space Telescope (HST) and 946 hours with the Spitzer Space
Telescope (Infrared, PI: M. Bradač). All had existing archival X-ray observations with either
Chandra, XXM-Newton, or both.
Having many high-redshift candidates is necessary to improve luminosity function con-
straints. The galaxy luminosity function quantifies the distribution of galaxies all over the
Universe. At this time, we do not have enough observations of high-redshift galaxies to con-
clude whether or not our current model of the luminosity function at high-redshift (Figure 1.3)
is appropriate. We are trying to constrain the luminosity function to figure out if our expecta-
tion does not fit the reality because we simply do not have enough observations of high-redshift
galaxies or because we do not understand the physics that is driving this difference. Informa-
tion gathered from RELICS will aid in our interpretation of reionization (the time when the
neutral intergalactic medium was first ionized by the bright sources in the Universe) in the first
billion years following the Big Bang. Studies of the 41 galaxy clusters that were observed for
this survey will contribute greatly to our understanding of how the universe evolved and con-
tinues to evolve, and X-ray analyses of the cluster gas will help us unravel the inner workings
of the physics of the gas in clusters (Coe et al. 2019). Secondary science done with RELICS
has included studies of 323 high-redshift (z ∼ 6 – 10) galaxy candidates (Salmon et al. 2018),
creations of cluster lens models (e.g., Cerny et al. 2018; Paterno-Mahler et al. 2018), and, in
the future, calibrations for galaxy cluster mass scaling relations. Investigation into RELICS
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Figure 1.3. Luminosity function for galaxy at different redshifts. The x-axis is magni-
tude, and the y-axis is the number of galaxies per magnitude bin per Mpc3. The different
colored dots represent observations at different redshifts, and their corresponding col-
ored lines are their model fits. We can see that at the low redshifts, the fit goes through
most of the points, but at z > 8, the fit is poor. We see two purple lines indicating fits
for z = 10. The dashed line is the expectation of where the fit should fall, based upon
models. The solid line is the fit for the actual data. Plot from personal communication
with Rachel Paterno-Mahler, based on data from Bouwens (2014); Oesch et al. (2014);
and Finkelstein et al. (2014).
data has also allowed us to perform detailed cluster analysis, like what we will present in the
subsequent pages.
The RELICS cluster that we will be investigating in this Thesis is called Abell 2163 (Figure
1.4). A2163 is a merging cluster. It has a right ascension of RA: 16h 15m 34.1s, a declination of
DEC:−06◦ 07′ 26.04′′, and a redshift of z= 0.201. It is the most massive cluster in the RELICS
survey, with an estimated Planck mass of M500 = 16.12×1014M (Planck Collaboration et al.
2016). It is also one of the hottest (kT = 15.5 keV) and most luminous (Lx[0.1 - 2.4 keV] =
22.9×1044erg s−1) clusters observed (Owers et al. 2009).
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Figure 1.4. Abell 2163 captured in the optical by the Hubble Space Telescope. Image
Credit: ESA/Hubble & NASA
We assume a cosmology with H0 = 70km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7 throughout
this Thesis. The redshift of A2163 gives a scale of 1′′ = 4.454 kpc and a luminosity distance




We used two archival observations of the merging galaxy cluster Abell 21631: ObsID0545
and ObsID1653. ObsID0545 was observed for 9446.2 seconds on 2000 July 29. ObsID1653
was observed for 71147.2 seconds on 2001 June 16. Both observations for A2163 were done
in VFAINT mode and with the ACIS-I configuration. The data were reprocessed using the
Chandra Interactive Analysis of Observations (CIAO) software package version 4.12.1 and the
Chandra Calibration Database (CALDB) software package version 4.9.2.1.
We used the chandra repro script to create bad pixel files and reprocessed event files
for the data. We also removed the periods of background flaring, because we wanted to avoid
attributing excess X-ray counts to our source that are not accounted for via background sub-
traction. The time periods in which we found this excess of X-ray were removed from the
observation using the lc clean script. After filtering for flares, ObsID0545 was filtered from
9446.2 to 9446.1 seconds worth of data and ObsID1653 was filtered from 71147.2 to 70379.5
seconds worth of data. That gave us a combined 79825.6 seconds worth of data. Figure 2.1
shows the light curves used to clean the data.
Figure 2.1. The plots indicate how many counts were collected per second over the
full exposure time of the observation. The red bands represent that sections of data that
were eliminated during the cleaning. The left plot is for ObsID0545 and the right plot
is for ObsID1653.




A merged, background- and exposure-corrected image was made in the 0.3-10 keV energy
range (See Figure 2.2). For each of our observations, we also created blank-sky background
images, which are made when the telescope points at a blank piece of sky for a very long time
to build up a background of the X-ray sky. The images were created by running the blanksky
and blanksky image scripts. These scripts use the blanksky background files provided by
the Chandra X-ray Center Data Archive to create blanksky background files that are calibrated
to each observation.
To account for the difference between background exposure time and high energy parti-
cle background in the different observations, we first needed to scale the background image
down to the same exposure time and energy as the science image. The exposure times are
summarized in Table 2.1.
Observation Summary
Observation ID 0545 1653
Exposure Time of Background Image [ks] 1800 6000
Exposure Time of Science Image [ks] 9.44 70.37
Observation Date 2000 July 29 2001 June 16
Principal Investigator L. Vanspeybroeck S. Murray
Table 2.1
For each scaling, we multiplied the background image by the ratio of the object to back-
ground values so that it had the same exposure time and high-energy particle count rate as its
corresponding science image. Then we were able to merge the scaled background images from
each observation to make one scaled background image. From there we subtracted the merged
background image from the merged science image and then divided this resulting image by
the merged exposure map, thereby removing any streaking or instrumental defects from Chan-
dra. This process yields a background subtracted, exposure map corrected image, from here
on referred to as the “science image,” pictured in Figure 2.2.
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Figure 2.2. Merged, background subtracted, and exposure map corrected Chandra im-
age of A2163.
2.1. Residual Images. To bring out the features of the science image, we made unsharp
masked and beta-model subtracted images.
2.1.1. Unsharp Masking. Unsharp masking is a technique that brings out small scale fea-
tures in an image, like edges, by improving its contrast. It does this by smoothing groups of
pixels (blurring the image) and then inverting and scaling the binned image. The resulting im-
age is added back to the original image, thereby making the edges stand out more. The formula
for the unsharp mask is simply,
U = I− Ih, (3)
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where I is the original image and h is a given smoothing function. This works because the
smoothing function acts as a low pass filter, and when we subtract the smoothed image from
itself we are really bringing out the small scale features. Unfortunately, this process can also
bring out the noise in the image. To counteract that, we instead subtract the a large smoothed
image from a small smoothed image. That changes Equation 3 to
Û = Ig− Ih, (4)
where the spatial scale of g is smaller than that of h. In this way, we are able to bring out spatial
features without bringing out the unwanted noise.
Our unsharp masked image was made in the 0.3-10.0 keV energy range. We made two
different Gaussian smoothed images by convolving the science image with Gaussian smooth-
ing kernels of 2 and 20 pixels. We then subtracted the 20 pixel smoothed image from the 2
pixel smoothed image to create the unsharp masked image seen in Figure 2.3. Unsharp masked
images can be very effective at highlighting small scale structure. This is why the large scale
details are so blurry (Blanton et al. 2011). Features such as sharp edges, defined by sudden
changes in brightness, are expected when analyzing unsharp masked images. We do observe
somewhat of a sharp edge on the southwest section of the bright source, which could be evi-
dence of a cold front.
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Figure 2.3. This is the unsharp masked image of A2163 in the 0.3-10 keV energy
band. A slight surface brightness discontinuity can be seen in the southwest region of
the cluster (as indicated by the green arrows).
2.1.2. Beta-model Subtraction. Beta-model subtraction models underlying gas in the clus-
ter. In a relaxed cluster, the gas follows a beta-model distribution: they are very bright in the
center and get less and less bright as radius increases until it eventually drops off. Beta models
provide a functional form for intensity of the X-ray gas as a function of distance from the center










where r is the projected radius, r0 is the core radius (defined such that the projected galaxy






In Equation 6, σr is the line-of-sight velocity dispersion, T is the temperature of the gas, µ is
the mean molecular mass in atomic mass units, and mp is the mass of a proton. The parameter
β represents the ratio of the specific kinetic energy of galaxies to the specific kinetic energy of
gas. By subtracting the beta model from the cluster data, we expect that the abnormal features
not accounted for in the model will come out in the residual.
Our beta-model subtraction was performed on a version of our science image, binned by 4.
Model subtraction was done with a fitting package called Sherpa using Cash statistics. The
input parameters and their calculated best fits are seen in Table 2.2.
Beta Model Parameters





















2The r0 parameter is the scaling radius of the cluster. The xpos and ypos parameters are the approximate
center of the cluster (in pixels). The ellip parameter specifies the ellipticity of the cluster shape. The theta
parameter is the rotation angle (in radians) of the cluster. The ampl parameter is the maximum value of the central
pixel. The alpha parameter corresponds to the 12 −3β exponent in Equation 5.
3Input parameters and their lower and upper bounds
4Best fit value and the 1σ confidence limit
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We found that our resulting residual image (seen in Figure 2.4) showed us that there is a
surface brightness excess in the southwest region of the cluster, indicated in the residual by the
diagonal white region in the center of the frame. It is at the same location as the edge seen in
the unsharp mask image (Figure 2.3). Excess surface brightness suggests there is a cold front
or a shock in this cluster. But this evidence alone is not enough for us to draw conclusions
about what is going on in A2163. To do that, we needed to examine the spectrum of the cluster
and the resulting temperature and surface brightness profiles.
Figure 2.4. Residual image of A2163 in the 0.3-10 keV band after the beta-model
subtraction. The surface brightness discontinuity is the white region to the southwest




Examination of the cluster spectrum allows us to identify both global cluster properties and
radial trends. We used specextract to extract the spectrum from each observation and the
associated blank-sky background event file. Since we were planning to subtract the background
spectrum (and not fit it), we did not need to create weighted response files for the background
event files. Weighted response files were only created for the science data. The global spectra
were binned by 40 counts. Each spectrum was fit individually; however, the parameters were
tied together.
We fit the spectra in several ways using the XSPEC1 software package, version 12.11.1.
All fits were performed in the 0.6–7.0 keV energy range. A 2% systematic error was applied
to the whole data set. We fit the spectra with different models: PHABS×APEC,
PHABS× (APEC+APEC), and PHABS× (APEC+MKCFLOW). PHABS×APEC is a sin-
gle temperature thermal plasma model, PHABS× (APEC+APEC) is a two temperature model
(a model that assumes there are two different gas populations of different temperatures), and
PHABS× (APEC+MKCFLOW) is a cooling flow model (a model that assumes a high tem-
perature gas on the outskirts of the cluster and a low temperature gas toward the center). We
did two fits per model: one with absorption frozen, and one with it thawed (allowing it to vary).
The absorption parameter accounts for the dust in the Milky Way. In the models with a frozen
absorption parameter, its value was set to nH = 1.09×1021 cm−2 (HI4PI Collaboration et al.
2016). In all models the initial temperature was set to kT = 15 keV, the initial abundance was
set to Z = 0.26 Z, and the redshift was fixed at the cluster reshift z = 0.201. A summary of
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2Errors are 90% confidence limits.
3Values in parentheses were held fixed during the model fitting.
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Our fits are comparable to previously published results. Our fits show that A2163 is a very
hot cluster, consistent with its high X-ray luminosity. Our temperatures are higher than previ-
ously published values (Owers et al. 2009), but it is important to note that we are using slightly
different models, so it is not a direct comparison. Abundance describes the metal content (non-
Hydrogen and non-Helium) of a cluster. The ICM is mostly Hydrogen, so the abundance value
tells us how much metal content is mixed in with the Hydrogen. These models primarily use
the strength of the Fe L line to model the abundance. When we measure abundance, it is rela-
tive to solar abundance. This means that the value tells us what the metallicity is in comparison
to the Sun.
There are two ways that we can quantify the quality of a fit: chi-squared statistics and
cash statistics. We used cash statistics for our fits because it handles low-count statistics more
accurately.
To compare the models, we performed an F-test. The F-test compares the best fit statistic
and the degrees of freedom for two models. If the value of the F-test is less than 0.05 then
the more complicated model is the preferred model. We started by comparing the fits for ab-
sorption thawed and frozen for each of the three models, and then we compared those fits to
one another. The model comparison of PHABS×APEC (nH frozen) and PHABS×APEC
(nH thawed) returned an F-test value of 53.6021, indicating that the preferred model was
PHABS×APEC (nH frozen). The model comparison of PHABS× (APEC+APEC) (nH
frozen) and PHABS× (APEC+APEC) (nH thawed) returned an F-test value of 53.1249, in-
dicating that the preferred model was PHABS× (APEC+APEC) (nH frozen). The model
comparison of PHABS× (APEC+MKCFLOW) (nH frozen) and PHABS× (APEC+
MKCFLOW) (nH thawed) returned an F-test value of 6.18463, indicating that the preferred
model was PHABS× (APEC+MKCFLOW) (nH frozen). The model comparison of PHABS
×APEC (nH frozen) and PHABS× (APEC+APEC) (nH frozen) returned an F-test value
of 0.389004, indicating that the preferred model was PHABS×APEC (nH frozen). The
model comparison of PHABS×APEC (nH frozen) and PHABS× (APEC+MKCFLOW) (nH
frozen) returned an F-test value of 15.8852, indicating that the preferred model was PHABS×
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APEC (nH frozen). The model comparison of PHABS× (APEC+APEC) (nH frozen) and
PHABS× (APEC+MKCFLOW) (nH frozen) returned an F-test value of 46.8219, indicating
that the preferred model was PHABS× (APEC+APEC) (nH frozen). In all cases, the frozen
absorption model was preferred. Based on the results of the F-test, the best description of the
localized gas in A2163 was the PHABS×APEC model with a frozen absorption parameter.
2. Radial Profiles
To determine the nature of the surface brightness discontinuity, we created temperature and
surface brightness profiles. The regions used for the profiles are shown in Figures 3.1 and 3.2.
For the temperature profile we used six boxes, each containing ∼1000 counts (Figure 3.1). In
order to account for there being a fewer number of counts in each bin, the spectra extracted
for the temperature profile were binned by 20 counts instead of 40. For the surface brightness
profile we used 24 boxes to the southwest and 37 boxes to the northeast, each containing∼200
counts (Figure 3.2).
For both profiles, the size of the bins increases radially outward in order to account for the
decrease in surface brightness, such that the number of counts per bin stays consistent. The blue
rectangles indicate regions that are on the bright side of the surface brightness discontinuity
and the red rectangles indicate regions that are on the dark side. We also analyzed the regions
shown in Figure 3.2, so that we could compare the surface brightness profiles for the side of
the cluster with the surface brightness discontinuity and the side without.
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Figure 3.1. These six rectangular regions were used to identify portions of the image
from which we wanted to extract spectra for the temperature profile. All of the rectan-
gles contain approximately 1000 counts. The rectangles get larger as we move radially
outward, in order to account for the decrease in surface brightness. The blue rectan-
gles indicate regions that are on the bright side of the surface brightness discontinuity
and the red rectangles indicate regions that are on the dark side. The center of the ma-
genta circle (at the center of the cluster) indicates the point from which we took all
measurements, r = 0.
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Figure 3.2. These rectangular regions were used for the surface brightness profile. All
of the rectangles contain approximately 200 counts. We observe that the rectangles
get larger as we move radially outward, in order to account for the decrease in surface
brightness. The 24 red and blue rectangular regions are on the side of the cluster with
the surface brightness discontinuity, and the 37 green rectangular regions are on the
side of the cluster without. The blue rectangles indicate regions that are on the bright
side of the surface brightness discontinuity and the red rectangles indicate regions that
are on the dark side. By creating surface brightness profiles for each side of the cluster,
we are able to compare the surface brightness for the side of the cluster with the surface
brightness discontinuity and the side without. The center of the magenta circle (at the
center of the cluster) indicates the point from which we took all measurements, r = 0.
CHAPTER 4
Results and Discussions
We ran the PHABS×APEC model with the absorption parameter frozen at nH = 1.09×
1021 cm−2 and the abundance parameter frozen at Z = 0.26 Z on each of the six boxes in
Figure 3.1. The resulting model provided us with temperatures at the different radii. For both
profiles, we take r = 0 (the center of A2163) to have a right ascension of RA: 16h 15m 45.3s
and a declination of DEC: −06◦ 08′ 57.7′′ (as indicated by the magenta circle in Figures 3.1
and 3.2). Our temperature profile can be seen in Figure 4.1. Each blue diamond represents
the temperature of a subsequent rectangular region in Figure 3.1. The four blue diamonds
on the left of the vertical dashed line (which indicates the location of the surface brightness
discontinuity) correspond to the blue regions in the bright central part of the cluster and the
two blue diamonds on the right correspond to the larger red regions further away from the
center. The red crosses correspond to the temperatures for single all-encompassing boxes on
either side of the surface brightness discontinuity.
As we get further from the center of the cluster, the temperature increases. When we bin
all of the regions on the inside of the surface brightness discontinuity and the regions on the
outside of the surface brightness discontinuity this trend is clear. The brighter region is cooler,
consistent with what is expected for a cold front.
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Figure 4.1. Temperature profile showing the temperature of A2163 at different radii.
The y-axis is the temperature and the x-axis is the radius in log-space. The vertical
dashed line as at the location of the surface brightness discontinuity. The x error bars
represent the size of each rectangular region, seen in Figure 3.1. The four blue dia-
monds on the left of the vertical dashed line correspond to the blue rectangular regions
in Figure 3.1. The two blue diamonds on the right correspond to the red rectangular re-
gions in Figure 3.1. The red crosses on the left correspond to all of the blue rectangles
in Figure 3.1, and the red crosses on the right correspond to both of the red rectangles
in Figure 3.1.
Our surface brightness profile can be seen in Figure 4.2. Each point represents the surface
brightness of a subsequent rectangular region in Figure 3.2. The blue crosses to the left of
the vertical dashed line (which indicates the location of the surface brightness discontinuity)
correspond to the blue rectangular regions in the bright central part of the cluster, and the blue
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Figure 4.2. Surface brightness profile showing the surface brightness of A2163 at dif-
ferent radii in two directions. The y-axis is the surface brightness in log-space and the
x-axis is the radius in log-space. The vertical dashed line as at the location of the surface
brightness discontinuity in the southwest. The blue crosses correspond to the 24 red and
blue rectangular regions seen in Figure 3.2 on the side of the cluster with the surface
brightness discontinuity. The green diamonds correspond to the 37 green rectangular
regions seen in Figure 3.2, which are positioned on the opposite side of the cluster from
the surface brightness discontinuity. This plot allows us to compare the surface bright-
ness profiles for the side of the cluster with the surface brightness discontinuity and the
side without.
crosses to the right correspond to the red rectangular regions further away from the center. The
green diamonds correspond to the green rectangular regions.
As we get further from the center of the cluster the surface brightness decreases. This aligns
with our visual analysis of Figure 2.2, and is unsurprising. We see that the surface brightness
decrement in the southwest region of the cluster was real when comparing the surface bright-
ness profiles of the southwest and northeast.
Figure 4.2 shows that at the surface brightness discontinuity there is a true surface bright-
ness decrement. The drop off around the radial distance of the surface brightness discontinuity
is not nearly as steep for the side without the surface brightness discontinuity. This tells us that
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the surface brightness discontinuity is a real feature in the ICM in the southwest section of the
cluster.
If there were no surface brightness discontinuity we would expect the slopes of each color
to be the same as the side without the surface brightness discontinuity; e.g., both profiles would
likely follow a beta model distribution, and we would expect to see the same distribution in
both directions if the surface brightness discontinuity did not exist. If we combine the results
of our temperature and surface brightness profiles, we see clear evidence of a cold front in the
southwest region of A2163. Our temperature and surface brightness profiles show us that the
central region has a higher surface brightness and a lower temperature than the dimmer, outer
region. This is in contrast to a shock front, where the region with higher surface brightness is
also the region with the higher temperature. As such, our surface brightness and temperature
profiles are clear indicators of the presence of a cold front.
CHAPTER 5
Future Work and Conclusions
Due to lack of counts, we were unable to create density and pressure profiles. However,
based upon the surface brightness and temperature profiles, we do expect them to be consistent
with a cold front. This is something to explore further at a later date.
Further image analysis shows potential evidence that the cold front is part of a sloshing
spiral. Figure 5.1 was created by running the science image (Figure 2.2) through a Gaussian
Gradient Filter (Walker et al. 2016). Exploration here is beyond the scope of this Thesis, but
would prompt interesting future work.
Here, we presented deep Chandra observations of merging cluster Abell 2163, and found
clear evidence of a cold front in the southwest region of the cluster. This is seen in both an
unsharp masked image and a beta-model residual, and confirmed with a surface brightness
profile and temperature profile. We also investigated the global spectrum. The best fit to our
data was a single temperature plasma model with temperature kT = 21.93+0.97−1.03 keV.
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Figure 5.1. Gaussian Gradient Magnitude plot smoothed with a 16 pixel gaussian
smoothing kernel. It may indicate the presence of a sloshing spiral.
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